Background. Alveolar macrophages in chronic obstructive pulmonary disease (COPD) have fundamental impairment of phagocytosis for nontypeable Haemophilus influenzae (NTHI). However, relative selectivity of dysfunctional phagocytosis among diverse respiratory pathogens: NTHI, Moraxella catarrhalis (MC), Streptococcus pneumoniae (SP), and nonbacterial particles, as well as the contribution of impaired phagocytosis to severity of COPD, has not been explored.
The paradigm of bacterial colonization of the lower airways in COPD contributing to progressive lung disease is supported by the association of bacterial colonization with advanced airway inflammation, increased frequency of exacerbations, and accelerated decline in lung function [1] [2] [3] . Once initiated, chronic inflammation and failure to clear bacteria of the lower airways may promote progression of COPD [4, 5] . Moreover, bacterial colonization of the airways is associated with increased risk of exacerbation of COPD [6] .
Our previous studies identified a fundamental phagocytic defect of alveolar macrophages in COPD to 3 clinical strains of NTHI that is not attributable to active smoking [7] . However, macrophages derived from peripheral blood monocytes of COPD donors had no phagocytic impairment, suggesting a compartmentalized immunologic defect. Intracellular survival of NTHI in macrophages after phagocytosis has been theorized to play a role in bacterial persistence [8, 9] . However, we found no increase in intracellular viability of bacteria in COPD alveolar macrophages.
Instead, failure to evoke a phagocytic response by alveolar macrophages in COPD may permit evasion of immune clearance by bacterial pathogens, providing a source for perpetuating inflammation. Our related findings of impaired cytokine responsiveness to outer membrane protein P6 and to lipooligosaccharide of NTHI further indicated that intrinsic alveolar macrophage impairment in COPD is not limited to a single intracellular signaling pathway [10] . Collectively, these studies support an immunologic basis for persistence of NTHI in the respiratory tract of adults with COPD. However, our previous investigation was limited to study of NTHI and did not determine if defective phagocytosis discriminated among respiratory targets [7] . Further, the impact of active smoking on alveolar macrophage dysfunction in COPD was not explored.
Each bacterial species that causes infection in adults with COPD displays unique dynamics of colonization and immune interaction with human cells. Nontypeable Haemophilus influenzae (NTHI) and Moraxella catarrhalis are the 2 most prevalent bacteria associated with exacerbations of COPD [11, 12] . Host acquisition of new strains of NTHI and host lymphocyte and antibody responses to NTHI antigens are associated with exacerbations of COPD [13] [14] [15] . Host antibody responses to outer membrane antigens of M. catarrhalis are also associated with respiratory clearance [16] . Moreover, M. catarrhalis strains have conserved genes whose proteins are expressed during infection in COPD [17] . NTHI and M. catarrhalis are predominantly mucosal pathogens [15, 18] . Although Streptococcus pneumoniae is also a mucosal pathogen, it is a leading cause of community-acquired pneumonia in COPD [19, 20] . Each of these bacterial pathogens presents a unique set of potential immunologic triggers for different host pathways. Beyond this, the link between impaired alveolar macrophage innate defense and severity of COPD has only been explored to a limited degree.
We hypothesized that the impaired immunologic responses of COPD alveolar macrophages to NTHI extend to other respiratory pathogens, and that responses to pathogen-associated molecular motifs of bacteria are different from responses to inert targets. We further theorized that dysfunctional alveolar macrophage phagocytosis in COPD, associated with failure to effectively clear respiratory pathogens, is associated with severity of disease in COPD and performed experiments to test these hypotheses.
METHODS

Recruitment of Subjects
All procedures received approval of the Institutional Review Boards, VAWNY Healthcare System and the University at Buffalo and were in strict accordance with institutional human studies guidelines. Participants were over 30 years of age and all gave informed consent. Volunteers were screened for inclusion into one of 3 groups: (1) nonsmokers (2) ex-smokers with COPD, and (3) active smokers with COPD. Groups 2 and 3 were also evaluated collectively as the COPD group. All ex-smokers had to have ceased smoking for greater than 1 year. All underwent clinical assessment, routine spirometry, and chest x-rays. Ex-smokers and nonsmokers had expired breath carbon monoxide of ≤0.02 ppm (Vitalograph Breath CO Monitor, Lenexa, KS).
For all COPD participants, exclusion criteria included a forced expiratory volume at one second (FEV 1 ) <35%, hypercapnia and comorbid diseases that would render bronchoscopy unsafe. Inclusion criteria were (1) chronic bronchitis by history and/or emphysema by chest x-ray or CT; (2) absence of other lung disease, including asthma and bronchiectasis, based on clinical evaluation; (3) chest x-ray findings that were normal or compatible with COPD but detected no other disease; (4) FEV 1 /FVC ratio and FEV 1 both below the lower 95% confidence limit of normal range on spirometry; (5) nonatopic by history; (6) no antibiotic or systemic steroid use for 4 weeks preceding enrollment.
Healthy nonsmokers met all inclusion criteria of the COPD group, except item 1 and item 4 (above) and that all had never smoked.
Phagocytosis
All experiments were performed with and without 8% antibody-depleted serum, as a complement source.
NTHI and M. catarrhalis Assay for phagocytosis of 3 H-bacteria was performed with adherent cells, as described elsewhere [7] . Briefly, bacteria were labeled with 3 H-leucine and grown to mid-logarithmic phase; 
S. pneumoniae
Owing to autolysis in long-term culture, it was not possible to consistently grow S. pneumoniae to mid-log phase. To maintain uniformity among donors, S. pneumoniae was harvested at stationary phase and labeled with fluorescein isothiocyanate (FITC) to measure phagocytosis. Labeled bacteria were incubated with adherent alveolar macrophages (200:1) with or without 8% antibody-depleted serum. No loss of macrophage viability was detected by trypan blue exclusion with any incubation conditions. Phagocytosis was calculated as the number of alveolar macrophages with intracellular bacteria, measured by fluorescence microscopy, as a percentage of the total number of cells over several fields. A minimum of 50 cells per well was counted for each experiment and results of a total of four wells per condition were averaged to arrive at a phagocytic index. Further details of methodology are given in Supplementary Data.
Latex Microspheres
Fluorescent (Nile red; 1 µm) latex microspheres (InvitrogenMolecular Probes, Eugene, OR) were incubated with adherent macrophages (1000:1). Extracellular microspheres were removed with rinses and alveolar macrophages were evaluated for intracellular microspheres by fluorescent microscopy. Phagocytosis was measured as the number of macrophages containing intracellular microspheres as a percentage of the total and was determined over ten fields per well. At least 50 macrophages were counted per well and 4 wells per experiment were averaged for final results for each donor. Further details of methodology are given in Supplementary Data.
RESULTS
Recruitment of Participants
In total, 116 recruited volunteers met inclusion criteria and were amenable to undergoing bronchoscopy for this study, including 79 men and 37 women. Group 1 (referred to as "healthy nonsmokers") included 20 participants; group 2 ("COPD exsmokers") included 32 participants; group 3 ("COPD active smokers") included 64 participants. Demographic data for these subjects are presented in Table 1 .
As expected, subjects of groups 2 and 3 (COPD) had significantly worse spirometric parameters (FEV 1 and FEV 1 % predicted) than did healthy nonsmokers. Ex-smokers with COPD were also older than active smokers. Therefore, regression analyses were used to determine the independent impact of group disparities in FEV 1 , cumulative pack-years and age on immunologic outcomes.
The numbers of alveolar macrophages obtained by bronchoscopy (means ×10 5 ± SEM) were 209.8 ± 25.1 for healthy nonsmokers, 222.4 ± 60.8 for COPD ex-smokers and 541.8 ± 62.1 for COPD active smokers (P < .002). No participants were taking systemic steroids or antibiotics. In total, 57 participants (59.3%) with COPD were taking bronchoactive medications, including inhaled corticosteroids in 17 (17.7%), beta agonists in 55 (57.3%), anticholinergic medications in 36 (37.5%), and theophylline preparations in 2 (2.1%). No statistically significant differences in medication use existed between ex-smokers and active smokers with COPD.
Phagocytosis by Alveolar Macrophages
Phagocytosis of NTHI To investigate the relative phagocytic capabilities of alveolar macrophages of each group, alveolar macrophages were incubated with NTHI 11P6H1 and evaluated for intracellular radiolabel. Data, expressed as median (interquartile range), are included (see Supplementary Table 2) . In all phagocytosis studies, antibody-depleted serum was used as a source of complement. In the presence of complement, phagocytosis of NTHI among all COPD participants was significantly less than that of healthy nonsmokers (P = .003; Figure 1A ). Further analysis of smoking status indicated that phagocytosis by alveolar macrophages of active smokers with COPD, as well as those of COPD ex-smokers, was decreased (P = .005 for each) compared to macrophages of healthy nonsmokers ( Figure 1A ; Supplementary Table 2 ). No differences existed between ex-smokers and active smokers. The absence of complement did not change the pattern of impaired phagocytosis of NTHI for alveolar macrophages of COPD ex-smokers (P = .016) and COPD active smokers (P = .03) compared with healthy nonsmokers ( Figure 1B ; Supplementary Table 2 ). Paired comparisons, with or without complement, within each of the 3 participant groups, for NTHI phagocytosis, were not significantly different (P > .15 for each).
Phagocytosis of M. catarrhalis
To investigate phagocytosis of M. catarrhalis, alveolar macrophages of each donor were incubated with M. catarrhalis 6P29B1 and evaluated for intracellular radiolabeled bacteria, as described for NTHI. Phagocytosis by alveolar macrophages of all COPD donors was significantly diminished compared with alveolar macrophages of healthy nonsmoker controls (P = .0007) in the presence of complement (Figure 2A: Supplementary  Table 2) . As with NTHI, further analysis identified phagocytic differences between alveolar macrophages of healthy nonsmokers and COPD ex-smokers (P = .001) and between healthy nonsmokers and COPD active smokers (P = .002). No differences existed between ex-smokers and active smokers.
As with NTHI, studies performed without complement did not change the pattern of impaired phagocytosis of M. catarrhalis for alveolar macrophages of ex-smokers (P = .003) and active smokers (P = .018) compared with healthy nonsmokers ( Figure 2B ; Supplementary Table 2) . Paired comparisons within each participant group for M. catarrhalis phagocytosis were not significantly different with or without complement (P ≥ .2 for each).
Phagocytosis of S. pneumoniae
To extend our investigation to phagocytosis of S. pneumoniae, alveolar macrophages of each donor were incubated with FITClabeled S. pneumoniae 25P55S1 and evaluated for intracellular fluorescent bacteria. Phagocytosis by alveolar macrophages of all 3 groups was not significantly different either in the presence (P = .224) or in the absence (P = .25) of a complement source (Figure 3; Supplementary Table 2) . Further, there were no individual inter-group differences.
However, paired comparisons within each participant group for S. pneumoniae phagocytosis indicated significantly greater phagocytosis for alveolar macrophages of each group with complement compared to phagocytosis by alveolar macrophages of the same group without complement (P < .0001 for each group).
Phagocytosis of Latex Microspheres
To determine if impaired phagocytosis of alveolar macrophages of any group extended to inert nonbacterial particles, alveolar macrophages of each donor were incubated with fluorescent latex microspheres (1 µm) and evaluated for intracellular spheres (Figure 4 ; Supplementary Table 2) . Comparison of phagocytosis among groups showed no significant differences, either with (P = .204) or without (P = .198) complement. Paired comparisons within each group, for phagocytosis of microspheres with and without complement, were not significantly different for all groups (P ≥ .2 for each).
Comparative Phagocytosis of NTHI and M. catarrhalis To determine if alveolar macrophages of any group exhibited preferential phagocytosis for either NTHI or M. catarrhalis, data were evaluated independently, by paired comparisons, of intracellular bacteria for each group ( Figure 5 ). Among healthy nonsmokers ( Figure 5A ), differences in phagocytosis between NTHI and M. catarrhalis were not significant with (P = .12) or without (P = .37) complement.
However, among all COPD donors (active and ex-smokers combined), alveolar macrophages had greater phagocytic impairment for NTHI than for M. catarrhalis with (P < .0001) or without (P = .002) complement. Alveolar macrophages of exsmokers (P = .028; Figure 5B ) and active smokers (P < .0001; Figure 5C ) both exhibited markedly diminished phagocytosis of NTHI compared with M. catarrhalis. For better clarity of data points, Figure 5C , data are further separated into high values (i) (NTHI phagocytic index > 0.25) and low values (ii) (NTHI phagocytic index ≤ 0.25). Thus, the impairment of alveolar macrophage phagocytosis in COPD was significantly greater for NTHI than for M. catarrhalis. 
Alveolar Macrophage Impairment and Severity of COPD
The relationship of alveolar macrophage dysfunction with severity of COPD was determined by regression analysis of macrophage functions with FEV 1 % predicted for all participants. Phagocytic impairment for NTHI (P = .0016; Figure 6A ) and for M. catarrhalis (P = .01; Figure 6B ) strongly correlated with FEV 1 % predicted. No statistical correlation existed between phagocytosis for S. pneumoniae or for microspheres and FEV 1 % predicted. Thus, strong association exists between severity of COPD and impaired phagocytosis of alveolar macrophages for NTHI and for M. catarrhalis.
Regression Analyses
Because demographic differences existed between groups (Table 1) , regression analyses were performed to determine the relationship of age, race, and cumulative smoking on phagocytosis. In all analyses, age, race, and cumulative pack-years were Figure 1 . Phagocytosis of nontypeable Haemophilus influenzae by human alveolar macrophages. Alveolar macrophages were obtained from nonsmokers (dark gray shading), ex-smokers with COPD (light gray shading) and active smokers with COPD (stippled shading). Cells were incubated with NTHI 11P6H1 with antibody-depleted serum, as a source of complement (A) or in serum-free media (B ). Phagocytosis was diminished for alveolar macrophages of COPD ex-smokers vs healthy nonsmokers (A: *P = .005; B *P = .016), and for COPD active smokers vs healthy nonsmokers (A: **P = .005; B: **P = .03). Phagocytosis among all COPD participants was significantly less than that of healthy nonsmokers (A: P = .003; B: P = .016). Phagocytosis was measured as described in Methods. 
DISCUSSION
This is the first study to our knowledge to demonstrate distinct correlation of fundamental impairment of complementindependent phagocytosis of alveolar macrophages in COPD for NTHI and M. catarrhalis, the 2 most prevalent respiratory pathogens of COPD. In related studies, GMCSF-differentiated blood monocyte-derived macrophages, rather than alveolar macrophages of COPD donors, also had impaired phagocytosis of NTHI [22] . Dysfunctional phagocytosis of alveolar macrophages of smokers with COPD for apoptotic bronchial epithelial cells is also reported, raising questions of the specificity of the phagocytic defect [23] . Our previous studies demonstrated dysfunctional phagocytosis of alveolar macrophages, but not of blood macrophages, in ex-smokers with COPD, compared to alveolar macrophages of ex-smokers without COPD [7] . Although alveolar macrophage phagocytosis was defective for different clinical strains of NTHI, our previous study excluded active smokers and did not include other respiratory pathogens or inert particles. While components of cigarette smoke are reported to have impaired in vitro phagocytosis of NTHI and S. pneumoniae, the impact of active smoking on alveolar macrophage phagocytosis in COPD has had limited investigation [24, 25] . Our current study is consistent with these previous findings but differs in design, evaluating phagocytic properties of alveolar macrophages of both active and ex-smokers with COPD, as well as healthy nonsmokers. Our findings further delineate pathogen specificity, with greater phagocytic impairment for NTHI compared with M. catarrhalis, by alveolar macrophages of both active and ex-smokers with COPD. Although NTHI and M. catarrhalis both have integral pathologic roles in COPD, NTHI is not only more prevalent than M. catarrhalis in COPD but is more persistent and for longer periods [12] . Thus, it is noteworthy that alveolar macrophages of both active and ex-smokers with COPD had significantly poorer clearance of NTHI than M. catarrhalis, lending support to dysfunctional macrophage phagocytosis in COPD as a contributor to the greater prevalence of NTHI. Confirmation of the clinical relevance of these findings will require further study. In contrast to results with NTHI and M. catarrhalis, phagocytosis of S. pneumoniae was no different between alveolar macrophages of COPD and non-COPD donors. A separate investigation found that differentiated blood monocyte-derived macrophages, rather than alveolar macrophages, of COPD donors had impaired phagocytosis of S. pneumoniae [22] . Our results with COPD alveolar macrophages did not corroborate these findings. Nonetheless, in the current study, phagocytosis of S. pneumoniae, but not other targets, was significantly greater for each individual group of participants in the presence of a complement source. Complement-enhanced phagocytosis is consistent with existing investigations of S. pneumoniae phagocytosis [26, 27] . In addition, intracellular trafficking of S. pneumoniae is also regulated by complement opsonization, as well as through interactions with complement receptors, pointing to regulation of phagocytosis of S. pneumoniae by different controls than phagocytosis of NTHI or M. catarrhalis. [26, 28] .
The comparative defect in phagocytosis in COPD for bacterial pathogens, but not for inert microspheres, suggests diminished responsiveness of alveolar macrophages in COPD is directed at pathogen-associated molecular motifs found on bacteria. In related studies, phagocytosis of inert microspheres by COPD alveolar macrophages was not impaired and Toll-like receptor (TLR)-deficient murine macrophages also did not exhibit impaired phagocytosis of inert microspheres [22, 29] . In addition, murine macrophages treated with cigarette smoke extract also had diminished phagocytosis of NTHI, but not of latex beads, further indicating that nonbacterial phagocytosis is subject to different regulatory controls [24] . Our results do not coincide with all data from other studies. One earlier investigation indicated that alveolar macrophages in COPD may have diminished phagocytic ability for inert nonbacterial targets, a finding not corroborated by our results [30] .
Phagocytosis of microbial pathogens is a remarkably complex and diverse process, governed by many cellular interactions [31] . Recent studies have begun to explore the immunomodulatory processes involved in regulation of alveolar macrophage phagocytosis. Activation of TLR signaling pathways by bacteria, as well as impaired phagocytosis of bacteria in the absence of TLR signaling indicates a role for pathogenassociated molecular pattern recognition in bacterial phagocytosis [29] . Nuclear erythroid-related factor 2 (Nrf2) signaling is supported by studies demonstrating activation of this pathway by sulforaphane, resulting in enhanced alveolar macrophage clearance of bacteria [32] . Moreover, a downstream target of Nrf2, the scavenger receptor MARCO, is also required for bacterial and particle clearance by alveolar macrophages [33] . In addition, complement receptor-mediated phagocytosis is also enhanced by surfactant protein A [34, 35] . Expression of the mannose receptor is also reported to be reduced in COPD and may be involved in alveolar macrophage phagocytosis of pathogens [36] .
Aside from phagocytosis, additional features of dysregulated macrophage function in COPD and in smoking have been recognized in several investigations. Alveolar macrophages of adults with COPD had impaired inflammatory cytokine responsiveness to outer membrane protein P6 and to lipooligosaccharide of nontypeable Haemophilus influenzae (NTHI), suggesting impaired TLR regulation in COPD [10] . Histone deacetylase, a nuclear enzyme that regulates chromatin structure, also has diminished expression in alveolar macrophages of COPD donors [37] . Human sirtuin (SIRT1), an antiinflammatory protein, is also downregulated in lung tissue and in macrophages of smokers and COPD donors, possibly modulating pulmonary inflammation [38] .
Our results reveal a conspicuous association between impaired phagocytosis of both NTHI and M. catarrhalis and severity of COPD. Impaired phagocytic responses by alveolar macrophages in COPD may contribute to pathologic features of COPD, as evasion of alveolar macrophage phagocytosis permits persistence of bacterial pathogens, providing a source for ongoing inflammation and progression of COPD. It is intriguing that progression of COPD is also associated with occlusion of the lumen of small airways in surgically resected lung tissue by inflammatory exudates and with development of lymphoid follicles, despite increased percentages of tissue macrophages [39] . Our findings support the possibility that impaired alveolar macrophage phagocytic function may play a key role in these changes that contribute to airway remodeling in COPD.
Although our results are definitive, there are inherent limitations to our study. Our investigation was limited to mild and moderate COPD because of the need for bronchoscopy. Thus the possibility that alveolar macrophages of adults with severe COPD might have greater immunologic impairment is not addressed in this study. In addition, differences in methodology were used to measure phagocytosis of different targets. Therefore, cross-methodologic comparisons are not used to denote pathogen-specificity in the current study. However, our analysis of comparisons among macrophage donor groups, and not between phagocytosis of targets measured by alternate methods, should allay concerns with this limitation. Finally, heterogeneity among strains of NTHI and M. catarrhalis raises questions of the phagocytic capabilities of COPD alveolar macrophages toward multiple strains of both bacteria.
The present study advances our understanding of innate immune dysfunction in COPD through several key observations: (1) Alveolar macrophages, specifically of COPD donors, had diminished complement-independent phagocytosis of both NTHI and M. catarrhalis. (2) Although phagocytosis of S. pneumoniae was not impaired for COPD alveolar macrophages, it was significantly enhanced by complement in all groups. (3) Despite the immunologic impact of active smoking, alveolar macrophage phagocytosis was also diminished among active smokers with COPD. (4) Alveolar macrophage phagocytosis in COPD was significantly worse for NTHI than for M. catarrhalis. (5) Most notably, significant correlation existed between severity of COPD and impaired complement-independent phagocytosis of NTHI and M. catarrhalis.
Although it is tempting to speculate that impaired alveolar macrophage phagocytosis for respiratory pathogens contributes to chronic persistence of bacteria in the airways in COPD and thus to the decline of lung function, further studies will be required to establish a causal relationship. Our findings provide further insight into the immunologic basis for persistence of bacteria in COPD.
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